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O (57) Abstract: A microelectronic programmable structure and methods of forming and programming the structure are disclosed 
£ Tte pmgranunableslriicliire generally inchnte an ion concmctor (140) 120). Electrical properties 

V of the structure may be altered by applying a bias across the electrodes, and tbos information may be stored using the structure. 
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ANDMETHbDS OPFOftMING AND PROGRAMMING TIER SAME 

FIELD OP THE INVENTION 
5 Tiki present intention generally relates to imcroeiectronic devices. More 

particolarly, the invention relates to programmable miaoelectronic structures imtable for 
uie in integrated cffcwhs. 

SAOCGROIIND OP THE tNvftNTtON 
10: Memory devices are often used in electronic systems and computers to store 

information in the form of binary data. These memory devices may be characterized into 
various types, each type having associated with it various advantages and disadvantages. 

For example, random access memory ("RAM") which may be found in personal 
tomputfers is typically volatile semiconductor memory, in other words, the stored data is lost 
15 if the power Source is disconnected or removed. Dynamic RAM ("DRAM") is particularly 
Volatile in that it must be "refreshed" (i.e., recharged) every few microseconds in order to 
maintain the stored data. Static RAM ("SRAM") will bold the data after one writing so long 
as the power source is maintained; once the power source is disconnected, however, the data 
is lost Thus, in these volatile memory confrgurations, information is only retained so long 
SS the power to the system is not turned off In general these RAM devices can take up 
significant chip area and therefore may be expensive to manufacture and consume relatively 
large amounts of energy for data storage. Accordingly, improved memory devices suitable 
for use in personal computers and the like are desirable. 

Other storage devices such as magnetic storage devices (e.g:, floppy disks, hard disks 
and magnetic tape) as well as otoer systems, such as optical disks, CD-RW and DYTMtW 
are nonvolatile, have extremely high capacity, and can be rewritten inahy times. 
Onfortttnatery, these memory devices are physically large, are shockA^T^oij-sensiuve, 
retjuife expensive mechanical drives, and may consume relatively large amounts of power: 
These negative aspects make such memory devices non-ideal for low power portable 
applications such as lap-top and palm-top computers, personal digital assistants ("PDAs"), 
and the like. 

Due, at least in part, to a rapidly growing numbers of compact, low-power portable 
computer systems in which stored information changes regularly, low energy read/write 
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^conductor mahbries have become increasingly desirable and widespread. Furthermore, 
bcfcattsfeiBeseporteblesyacAs often require data storage when the power is turned off, non- 
volatile storage device are desired for iise in such, system*. 

One type 6f programmable semiconductor nonvolatile memory device suitable for 

PROM, a write-once read-many (''WORM') device, uses an array of finable finks. Once 
prograimnfed, the WORM device caniiot be rtjwbgrammed. 

Othter forms of PROM devices include erasable PROM ("EPROM") and electrically 
erasable PROM (^EPROM) devices, which are alterable after an initial programming. 
10 EPROM devices gfaherafly require ah erase step involving exposure to uhra violet light prior 
to ptbgfanmmg the device. Thus, such devices are generally not well suited for use in 
portable electronic devices. EEPROM devices are generally easier to program, but suffer 
from other deficiencies, In particular, EEPROM devices are relatively complex, are 
relatively difficult to manufacture, and are relatively large. Furthermore, a circuit including 
EEPROM devices must withstand the high voltages necessary to program the device. 
Consequent, EEPROM cost per bit of memory capacity is extremely high compared with 
other means of data storage. Another disadvantage of EEPROM devices is that, although 
they can retain data without having the power source connected, they require relatively large 
amounts of power to program; This power drain can be considerable in a compact portable 
20 system powered by. a battery. 

In view of the Various problems associated with conventional data storage devices 
described above, a relatively non-volatile, F ogrammabIe device which is relatively simple 
and inexpensive to produce is desired. Furthermore, this memory technology should meet 
the requirements of the new generation of portable computer devices by operating at a 
25 relatively^ 

SUMMARY OF THE INVKhfTiaKf 
the present invention provides improved microelectronic devices for use in 
integrated circuits. More particularly, the invention provides relatively non-volatile, 
30 programmable devices suitable for memory and other integrated circuits. 

The ways in which the present invention addresses various drawbacks of now-known 
programmable devices are discussed in greater detail below. However,. in general, the 
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F«fent invention provides a prograrnniable device that is relatively easy aid me^ensrv to 
manufacture, and which is relatively easy to program. 

14 accordance with one exemplary embodiment of {he present invention, a 
programhwblfc sirtocturemcfc^^ The structure 

5 is configured Such that when a bias is applied across two electrodes, one or more electrical 
properties of the structure change. In accordance with one aspect of this embodiment, a 
resistance across the Strocture changes when a bias is applied across the electrodes. In 
accordance with other aspects of this embodiment, a capacitance or other electrkal property 
of the structure changes upon application of a bias across the electrodes. One or more of 
10 these electrical changes may suitably be detected. Thus, stored information may be retrieved 
from a circuit including the structure. 

In accordance With another exemplary embodiment of the invention, a programmable 
structure includes an ion conductor, at least two electrodes, and a barrier interposed between 
at least a portion of one of the electrodes and the ion conductor. In accordance with one 
aspect of this embodiment the barrier material includes a material configured to reduce 
diflbsibn of ions between the ion conductor and at least one de<^e. m tfffiision barrier 
may also serve to prevent undesired elecrrodeposit growth within a portion of the structure 
In accordance with another aspect, the barrier material includes an insulating material 
Inclusion of an insulating material increases the voltage required to reduce the resistance of 
20 tie device. In accordance with yet another aspect of this embodiment, the barrier includes 
material that conducts ions, but which is relatively resistant to the conduction of electrons. 
Use of such material may reduce undesired plating at an electrode and increase the thermal 
stability of the device. 

In accordance with another exemplary embcKKment of the invention, a programmable 
2* ' " m^ on a gorfaaj ofi abstrattby foj^ , fest dearode on 

the substrate, dashing a layer of ion conducted material over the first dectrode, and 
departing conductive material Onto the ion conductor material. In accordance with one 
aspect of this embodiment, a solid solution including the ion conductor and excess 
conductive material is formed by dissolving (e.g., via thermal and/or photodissohition) a 
portion of the conductive material in the ion conductor. In accordance with a further aspect, 
only a portion of the conductive material is dissolved, such that a portion of the conductive 
material remains on a surface of the ion conductor to form an electrode on a surface of the 
ion conductor material. 
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In accordance with another embodiment of the present invention, at least a portion of 
a progrannnable structure is formed within a through-hole or via in an insulating material 
In accordance with one aspect of this embodiment, a first electrode feature is formed on a 
surface of a substrate, insulating inaierial is deposfted onto a surfa^ 
5 aVkisfoimedtvithmmemsulatmgmat^ and a portion ofthe'^ghtaunable structure is 
fotoedwithmmevia. After the via is formed within the insulating material, a portion of the 
structure within the via is formed by depositing an ion conductive material onto the 
conductive material, depositing a second electrode material onto the ion conductive material, 
add, if desired, removing any excess electrode, ion conductor, and/Or insulating material In 
10 accordance with another aspect of this embodiment, only the ion conductor is formed within 
the via In this case, a first electrode is formed below the insulating material an in contact 
Trith the ion conductor and the second electrode is formed above the insulating material and 
ia contact with the ion conductor. The configuration of the via may be changed to alter (e.g, 
teduce) a contact area between one or more of the electrodes and the ion conductor! 
Redudhg the cross-sectional area of the interface between the ion conductor and the 
decode increases the efficiency of the device (change in electrical property per amount of 
power supplied to the device). In accordance with another aspect of this embodiment, the 
via may extend through the lower electrode to reduce the interface area, between the 
electrode and the ion conductor. In accordance with yet another aspect of this embodiment, 
a portion of the ion conductor may be removed from the via or the ion conductor material 
inay be directionally deposited into only a portion of the via to further reduce an interface 
between an electrode and the ion conductor. 

In accordance with another enrolment of the invention, a programmable device 
may be formed on a surface of a substrate. 

la accomance with a further exemplary embodiment of the invention, multiple bits of 
*** * BW m a sin ^ e P^gratonable structure.. In accordance with one aspect of 
this embodiment, a prdgraminable structure includes a floating electrode interposed between 
two additional electrodes. 

In accordance with yet another embodiment of the invention, jWrftiple programmable 
devides are coupled together using a common electrode (e g, a common anode or a common 
cathode). 

In accordance with yet another embodiment of the mvention, multiple programmable 
devices share a common electrode. 
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In accordance with yet a farther exemplary embodiment of tie Resent invention, a 
.bpaata** of a programmable structure is altered by causing ions Within an ion conductor 
of the structure to migrate. 

BRIEF PRSfTRTPTlON OF TH R DRAWlNftS 
A more complete understanding of thepresent invention may be derived by referring 
to the detailed description and claims, considered in connection with the figures, wherein 
like reference numbers refer to similar elements throughout the figures, and: 

figure 1 is a cross-sectional illustration of a programmable structure formed on a 
surface of a substrate in accordance with the present invention; 

Figure 2 is a cross-sectional illustration of a programmable structure in accordance 
with an alternative embodiment of the present invention; 

Kgure 3 is a current-voltage diagram illustrating current and voltage characteristics 
of the device illustrated in Figure 2 in fin "on" and "off" state; 

Figure 4 is a cross-sectional illustration of a programmable structure in accordance 
With yet another embodiment of the present invention; 

Figure 5 is a schematic illustration of a portion of a memory device in accordance 
With an exemplary embodiment of the present favention; 

Figure 6 is a schematic illustration of a portion of a memory device in accordance 
20 with an alternative embodiment of the present invention; 

Figures 7 and 8 are a cross-sectional illustrations of a programmable structure having 
an ion conductor/electrode contact interface formed about a perimeter of the ion conductor in 
accordance with another embodiment of the present invention; . 

Figures 9 and 10 are a cros^sectional illustrations of a programmable structure 
h^gmmt^^ifdec^ contact mterface formed about a perimeter of the ion 
condtfetorma^ 

figures 11 and 12 illustrate apmgrammabie device lavmg a horizontal configuration 
in accadance with the present invention; 

Figures 13-19 illustrate programmable device structures with reduced electrode/ion 
conductorinterface surface areain acwrdaiicewim the present invention; 

figure 20 illustrates a programmable device with a tapered ion conductor in 
accordance with the present invention; 



5 



10 



15 



I>CT/OS01/2*2«6 

Figures 21-24 illustrate a programmable device including a floating ejectrod m 
accordance with the present invention; and 

Figures 25-29 illustrate common electrode programmable device structures in 
acairdance with the present invention. 

Skilled artisans will appreciate that elements in the figures are illustrated for 
-..Mtffa* and clarity and have not necessarily been drawn to scale. For example, the 
dimensions Of some of the elements in the figures may be exaggerated relative to other 
elemehtstoheip to improve understanding of embodiments of the present invention 

DETAILED mSOUPTTON np pyttmplar y RMftrtnn ^ 
The present invention generally relates to microelectronic devices. Moi e 
particularly, the invention relates to programmable structures or devices suitable for various 
integrated circuit appiieations. 

Figures 1 and 2 illustrate programmable microelectronic structures 100 and 200 
formed on a surface of a substrate 1 10 in accordance with an exemplary embodiment of the 
present invention. Structures 100 and 200 include electrodes 120 and 130, an ion conductor 
140, and optionally include buffer or barrier layers 155 and/or 255. 

Generally, structures 100 and 200 are configmed such that when a bias greater than a 
threshold voltage (V T ), discussed in more detail below, is applied a«oss electrodes 120 and 
20 130, the electrical properties of structure lOOchange. For example, in accordance with one 
embodiment Of the invention, as a voltage V * V T is applied across electrodes 120 and 130, 
conductive ions within ion conductor 140 begin to migrate and form an electrodeposit (e.g. 
electors* 160) at or near the more negative of electrodes 120 and 130; such an 
decfrodeposit,. however, is not required to practice the present inVfcmoa '"The term 
•'ele^^ as used herein means any area within the ion conductor that has ah 
increased c0nc«ttmi O i, of reduced metal or other conductive material compared to the 
concentration of such material in the bulk ion conductor material As the electrodeposit 
forms, the resistance between electrodes 120 and 130 decreases, and other electrical 
propertiesmay also change. In the absence of any insulating barriers, which are discussed in 
more detail below, the threshold voltage required to grow the electrodeposit from one 
electrode toward the other and thereby significantly reduce the resistance of the device is 
approximately the redox potential of the system, typically a few hundred millivolts If the 
same voltage is applied in reverse, the electrodeposit will dissolve back into the ion 
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eoififettor and the device will return to a high resistance state, to accordance with other 
emfcJdiments bf the invention, application of all electric field between electrodes 120 and 
130 may cause ions dissolved within conductor 140 to migrate and thus cause a change in 
the electrical properties of device 1 00, without the formation of an electrodeposh. Structures 
100 add 206 may be used to store information and thus may be used in memory circuits. For 
example, structure 100 or other programmable structures in accordance with the present 
invention may suitably be used in memory devices to replace DRAM, SRAM, PROM, 
EPROM, or EEPROM devices, h addition, programmable structures of the present 
invention may be Used for other appKcations where prograinming or changing of electrical 
properties df a portion of an electrical circuit are desired. 

Substrate 110 may include any suitable material For example, substrate 110 may 
include s*micbnduetive, conductive, semiinsulative, insulative material, or any combination 
of such materials. In accordance with one embodiment of the invention, substrate 110 
iffchides an insulating material 112 and a portion 114 including microelectronic devices 
formed on a stfnicbnductor substrate. Layers 112 and 114 may be separated .by additional 
layers (not shown) such as, for example, layers typically used to form integrated circuits. 
Because the programmable structures can be formed over insulating or Other materials, the 
programmable structures of the present invention are particularly well suited for applications 
where substrate (e.g., semiconductor material) space is a premium 

Electrodes 120 and 130 may be formed of any suitable conductive material. For 
example, electrodes 120 and 130 may be formed of doped polysilicon material or metal. 

In accordance with one exemplary embodiment of the invention, one of electrodes 
120 and 130 is formed of a material mcmding a metal that dissolves in ion conductor 140 
when a sufficient bias (V £ V f ) is applied across the electrodes (oxidizable electrode) and 
5 -m otiset electrode is relatively inert and does not dissolve during operation of the 
prugramniabje device (an iiKlifferent electrode). Fox example, electrode 120 may be an 
anode during a write process and be comprised of a material including silver that dissolves in 
ion conductor 140 and electrode 130 may be a cathode during the write process and be 
comprised of ah inert material such as tungsten, nickel, molybdenum, platinum, metal 
suicides, and the like. Having at least one electrode formed of a material including a metal 
which dissolves in ion conductor 140 facilitates mamtaining a desired dissolved metal 
concentration within ion conductor 140, which in turn facilitates rapid and stable 
electrodeposit 160 formation within ion conductor 140 or other electrical property change 
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' cniiring use of sui*6ture l6o and/or 200. FurttoiDdre, use of an inert material for th other 
ile£tit>dfe (c&thbde daring a write operation) facilitates electrodissohrtioii of any 
: electrodeposit that may have fonned and/or return of the programmable device to an erased 
statist 

3 During an erase operation, dissolution of any electrodeposit that may have formed 

v. pf&^fy begiris ait or near the oxidiiable electrode/electrodeposit interface. Initial 
dissftlutidh of the eledrodepbsit at the pxidizable dectode/dectodeposit interface may be 
f&ftftated by fonning structure 100 such that the resistance of the at the oxidizable 
dectr6de/eleciiodep6sit interface is greater than the resistance at any other point along the 
Id- electrodeposit, particularly, the interface between the electrodeposit and the indifferent 
electrode. 

On* way to afchieve rdatively low resistance at the mdiffe 
el^trbde of reMtivdy inert, non^tidiang material such as platinum. Use of such material 
r^iuces formation of oxides at the interface between ion conductor 140 and the indifferent 
15 : dettrode as well as the formation of compounds or mixtures of the electrode material and 
ion conductor 140 material, which typically have a higher resistance than ion conductor 140 
or the electrode inatefiaX 

Relatively low resistance at the indifferent electrode may also be obtained by 
terming a barrier layer betweien the oxidizable electrode (anode during a write operation), 
iO wherein the barrier layer is fonned of material having a relatively high resistance. 
Rtfcnlpiary high resistance materials include layers (e.g., layer 155 and/or layer 255) of ion 
conoSicujbg material (e*, AgA Ag^S, A gx Se, Ag r Te > whore x ^ 2, A gy t, where xH, 
Cul^ CoO, CuS> CuSe, Cute^ GeC>2, or S1Q2) interposed between ion conductor 140 and a 
■:• ntetal layer such as silver. Some of these materials have additional benefits as discussed in 

v Miiable grbwih and dissolution of an electrodeposit can also be facilitated by 
providing a roughened indifferent electrode surface (e.g., a root mean square roughness of 
. ^eaier than about 1 nin) at the electrode/ion conductor interface. The roughened surface 
may be formed by manipulating film deposition parameters and/or by etching a portion of 
36 one of the dectrode of ion conductor surfaces. During a write operation, relatively high 
electrical fields form about the spikes or peaks of the roughened surface, and thus the 
electrodeposits are more likely to form about the spikes or peaks. As a result, .more reliable 
and uniform changes in electrical properties for an applied voltage across electrodes 120 and 
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130 may be obtahiiesd by priding a roughed interface between the indifferent electrod 
(cathode during a Write operation) and ion conductor 140. 

t^diabie electrode material may have a tendency to thermally dissolve or diffuse 
into ion conductor 140- particularly during fabrication and/or operation of structure 100. 
•5 lltetn^ alrftsion is unfleshed becaiise it may reduce me resistance of strocture 100 and 
- thus reduce the<*ange of an electrical property during use Of structure 100. 

TO reduce undesired diffusion of oxidizable electrode material into ion conductor 140 
, and in ac^brdance with another embodiment of the invention, the Oxidizable electrode 
. ihchjdei a fltetal mttfcalated in a trahsftion metal sulfide or selenide material such as 
10 Ai(MBj)i.^ where i^i is Ag or Cu , B is S or Se, M is a transition metal such as Ta, V, and Ti, 
and x ranges from about 0.1 to about 0.7. The intercalated material mitigates undesired 
thermal diffusion of the metal (Ag or Cu) into the ion conductor material, while allowing the 
metal to participate in the electrodeposit growth upon application of a sufficient voltage 
across electfOdes 120 and 130. For example, when silver in intercalated imo a TaS, film, the 
15 Ta& film can include up to about 66.8 atomic percent silver. The A^MB,),., material is 
preferably ambfphous to prevent to prevent undesired diffusion of the metal though the 
material. The amorphous material may be formed by, for example, physical vapor 
deposition of a target material comprising A^MB^,.,; 

a-Agl is another suitable material for the oxidizable electrode, as well as the 
20 iBdifferent electrode. Similar to the AiftfB,),., material discussed above, ct-Agl can serve 
as/a source of Ag dufthg operation Of stru^e lOO^.g, upon apphwtion of a sufficient 
bias, but the silver in the Agl material does not readily thermally diffuse into ion conductor 
140. Agl has a relatively low activation energy for conduction of electricity and does not 
retire doping to achieve relatively high conductivity. When the oxidizable electrode is 
. 23; foimed ^ Agt deletion of silver in the Agl layer may arise during operation of structure 
Mr .1 00, unless excess silver is provided to the electrode One way to provide the excess silver 
is to form a sihra layer adjacent the Agl layer as discussed above when Agl is used as a 
buffer layer. The Agl layer (e:g., layer 155 and/Or 255) reduces thermal drffiiSion of Ag into 
ion conductor 140, but does not significantly affect conduction of Ag during operation of 
structure 100. In addition, use of Agl increases the operational efficiency of structure 100 
because the Agl mitigates nOn-Faradaic conduction (conduction of electrons that do not 
participate in the electrochemical reaction). 
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,6ii& materials suitable for butier layers 155 and/or 255 iijcjude GeOj and SiO* 
AxifephiDius JtM^yMAi an will "soak up" silver during operation of device 
lOO, bdt wiil retard the ttermai diffusion of silver to ion conductor 140, compared to 
structured or devices that do not include a buffer layer. When ion conductor 140 includes 
5 germamflm, GeO* inay be formed by exposing ion conductor 140 to an oxidizing 
enviro&teifit at a temperature of about 300 °C to about 800 °C or by exposing ion conductor 
140 to an oxidizing eaviromneht in the presence of radiation having an energy greater than 
the band gap of the ioi conductor material. The GeOj may also be deposited using physical 
vapor deposition (torn a GeOj target) or chemical vapor deposition (from GeHU and an Q»). 
10 Buffer layers c^n also be used to increase a "write voltage" by placing the buffer 

layer GeO, or SiO,) between ion conductor 140 and the indifferent electrode The 
buffer material allows metal such as silver to diffuse though the buffer and take part in the 
eJe^ochemical reaction. 

In accordance with one embodiment of the invention, at least one electrode 120 and 
15 130 is formed of material suitable for use as an interconnect metal. For example, electrode 
130 may foim part of an interconnect structure within a semiconductor integrated circuit. In 
accordance with One aspect of this embodiment, electrode 130 is formed of a material that is 
Substantially insoluble in material comprising ion conductor 140. Exemplary materials 
: suitable tor both mterConnect and electrode 130 material include metals and compounds 
20 such as tungsten, nickel, molybdenum, platmum, metal silicides, and the like. 

Layers 155 arid/or 255 may also include a material that restricts migration of ions 
between conductor 140 and the electrodes. In accordance with exemplary embodiments of 
. the invention, a barrier layer includes conducting material such as titanium nitride, titanium 
: ; nMigsten, a combination thereof, or the like. The barrier may be electrically indifferent, ie., 
^ ^i*-^ 6 ^ cdhductioh' of decfrons through structure 100 or 200, but it does not itself 
■ ; ddm ^ !ute i^ra to couductibu through structure 200. An electricaily indifferent barrier may 
reduce oodesired dendrite growth during operation of the jxrogrammable device, and thus 
may facilitate ah "erase" or dissolution of electrodepbsft 160 when a bias is applied which is 
opposite to that used to grow the dectrodeposft. In addition, use of a conducting barrier 
allows for the "indifferent" electrode to be formed of oxidizable material because the barrier 
prevents diffusion of the electrode material to the ion conductor. 

iOn conductor 140 is formed of material that conducts ions upon application of a 
sufficient voltage. Suitable materials for ion conductor 140 include glasses and 
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ieMtoifeaorinatoiall; In one exemplary embodiment of the invention, ion conductor 140 
•is formed of chalcogenide' material. 

Jon conductor 140 may also suitably include dissolved conductive material. For 
ttoiripie, fcn conductor 140 may comprise a solid solution that includes dissolved metals 
and/or metal ions. In accordance with one exemplary embodiment of the invention, 
; cbnoiictor 140 includes metal and/or metal ions dissolved in chalcbgemde glass. An 
exemplary ehafcogenide glass with dissolved metal in accordance with the present invention 
intfcdea a Solid sohniori oTA^Ag, GcSe^Ag, Ge^S^Ag, As^Cu,. Ge^wCo, 
Ge^i^Cu,: where x ranges from about 0.1 to about 0.5 other chalcogenide materials 
inctoding silver, copper, zinc, combinations of these material* and the like. In addition, 
conductor 140 may include network modifiers that affects mobflity of ions through 
conductor 140. For example, materials such as metals {e.g., saver), halogen* halides, or 
hydfogen may be added to conductor 140 to enhance ion mobility and thus increase 
erase/write speeds of the structure. 

A solid solution suitable for use as ion conductor 140 may be formed in a variety of 
ways. Fifit MmpK^e solid solution may be formed by depositing a layer of conductive 
material such as metal over an ion conductive material such as chalcogenide glass and 
exposing the metal and glass to thermal and/or photo dissolution processing In accordance 
with one exemplary embodiment of the invention, a solid solution of As^-Ag is formed by 
depositing AsiSs Onto a substrate, depositing a thin film of Ag onto the A^S,,, arid exposing 
th&films to fight having energy great* than the optical gap of the A S4 S 3 ,-e.g., fight having a 
wavelength of less than about 500 nanometers. If desired, netwoik modifiers may be added 
to conttoctor 140 during deposition of conductor 140 (e.g., the modifier is in the deposited 
^ material Or present during conductor 140 material deposition) Or after conductor 140 material 
2& . i; . If ^ djpotited (e.g., by exp&ung conductor 140 to an atmospheYe including the netwoik 
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In accMdante with another emhocforieat of the invention, a solid solution may be 
form** by depositing one of the constituents onto a substrate of another material layer and 
reacting the first coiiSutuent with a second constituent For example, germanium (preferably 
amorphous) may be deposited onto a portion of a substrate and the germanium may be 
reacted with H,Se to form a Ge-Se glass. Similarly, As can be deposited and reacted with 
the H 2 Se gas, or arsenic or germanium can be deposited and reacted with HiS gas. Silver or 
other metal can then be added to the glass as described above. 
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Iha^dancewim^ 
«toh^byde^sitin£s^ 
^ metal c^ bfc tii^ 

remains Oil a surface- of the ion conductor to folm an electrode (e.g., electrode 120). In 
5 accordance with alternative embodiments of the invention, solid solutions containing 
dissolved mefaisn^ 1 1 0 and the electrode then formed 

... overlying the ion conductor. 

An amount of conductive material such as metal dissolved in an ion conducting 
material such as chalcogenide may defend on several factors such as an amount of metal 
10 available for dissolution and an amount of energy applied during the dissolution process. 
However, when i sufficient amount of metal and energy are available for dissolution in 
chalcogenide material ttsiiig photodissolution, the dissolution process is thought to be self 
limiting, substantially halting when "the metal cations have been reduced to their lowest 
oxidation state: In the case of As^-Ag, this occurs at A^Sa = 2Ag 2 S + AsjS, having a 
15 saver concentration of about 44 atomic percent If on the other hand, the metal is dissolved 
in the chalcogenide material using thermal dissolution, a Wgher atoinic percertage of metal 
in the solid solution may be obtained, provided a sufficient amount of metal is available for 
dissolution. 

in accordance with a fetter embodiment of the invention, the solid solution is 
formed by phdtodissdtotibn to form a mac^hamogeneous ternary compound and additional 
metal is added to the solution using thermal diffusion (e g., in an inert environment at a 
temperature of abont 85 "C to about 150 °C) to form a Solid solution comaining, for 
... example, about 30 to about 50, and preferably about 34 atomic percent silver. Ion 
conductors having a metal concentration above the photodissdhition solubility level 
25 ficilitates formation of eleCttod^bm that are thermally stable at operating temperatures 
(^picaDy about 85 <to about 150 6 t) of devices 100 and 200. Alternatively, the solid 
solution may be formed by AttmSliy dissolving the metal into the ion conductor at the 
temperature noted above; however, Solid solutions formed exclusively from photodissolution 
are thought to be less homogeneous than films having similar metal concentrations formed 
30 using photodissolution and thermal dissolution. 

Ion conductor 140 may also include a filler material, which fills interstices or voids. 
Suitable filler materials include non-oxidizable and non-silver based materials such as a non- 
conducting immiscible silicon oxide and/or silicon nitride, having a cross-sectional 
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'teaon of 1^ than about 1 mn, do not contribute* to the gtowth of an 

electiodeposiL Infois case, the filler Material is present in the ion conductor at a voW 
***** of up to aowrt 5 p*cent to reduce a likelihood that an dectro^eposft will 
SponmneOosly dissolve into the supporting ternary material as the device is exposed to 
.5 elevated tempftature, which leads to more stable device operation without compromising the 
petfcwnance of the device. Ion conductor 140 may also include filler material to reduce an 
■ effective cres^sectidnal area of the ion inductor/ m thk case, the conc^on of the 
filler material, which may be the same filler material described above but having a cross- 
; sfcctional dimension up to about 50 nm, is present in the ion conductor notorial at a 
10 ^ntration of up to about 50 percent by vohntt, lie filler material may also include 
metal such as silver or copper to fill the voids in the ioh conduct or material. 

Insccbrdancewithoneexenmla^ 
includes a germanhx^selenide glass with silver diffused in the glass. Germanium selenide 
materials are typically formed from selemUln and Ge($e)„ tefehedra that may combine in a 
Variety of ways. In a Scrich region, Ge is *foid coordinated and Se is 2-fold coordinated 
which means that a glass composition neat Ge^cSe^ will have a mean coordination 
immber of about 24. Glass with this coordination number is considered by constraint 
counting theory to be optimally constrained and hence very stable with resoect to 
devitrification. Tie network in such a glass is known to self-organize and become stress- 
free, mafang it easy for any additive, e g, silver, to finely disperse and form a mixed-glass 
sokd solution. Accordingly, in accordance with one embodiment of the invention, ion 
conductor 140 includes a glass having a composition of Ge, a ,Se0.„ to Ge^Se™. 

The composition and stricture of ion conductor 140 material often depends on the 
darting or target material used to form the conduct*. Generally, ft is desired to form a 
homog^bus material %er fbr conductor 340 to mciliiaie reliable atid repeatabJe device 
performance. In accotdance with one embodiment ofti* invention, a target for physical- 
vapor deposition of material suitable for ion conductor 140 fa formed by selecting a proper 
ampoule, preparing the ampoule, maintaining prop* temperatures during formation of the 
glass, slow rocking the composition, and quenching the composition. 

Volume and wall thickness are important factors for consideration in selecting an 
ampoule for forming glass. The wall thickness must be thick enough to withstand gas 
pressures that arise during the glass formation process and are preferably thin enough to 
facilrtate heat exchange during the formation process. In accordance with exemplary 
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;t& fwid Sb arid Te based chalctogenide glasses, whereas quartz ampoules with a wail 
thickness of about L5 iam are lis&i to form ktfur-based chalcogenide glasses. In addition, 
the volume of the ampoule is preferably selected such that the vofoftie of the ampoule is 
5 about five times greater than die liquid glass precursor material 

Once the ampoule is selected, the ampoule is prepared for glass formation, in 
accordance with one embodiment of the invention, by cleaning the ampoule with 
hychiDiflubric acid, ethadol and acetone, drying the ampoule for at least 24 hours at about 120 
°C, evacuating toe anipoule and heating the ampoule until the ampoule turns a cherry red 
10 color and cooling the ampoule under vacttim, filling ampoule with charge and evacuating 
the ampoule, heating the ampoule while avoiding melting of the constituents to desorb any 
remaining oxygen, and sealing the ampoule. This process reduces oxygen contamtoation, 
which in turn promotes macVohomogeneous growth of the glass. 

the melting temperature of the glass formation process depends on the glass 
15 material. In the case of gemanium-based glasses, sufficient time for the chalcogen to react 
at low temperature with all available germanium is desired to avoid explosion at subsequent 
elevated temperatures (the vapor pressure of Se at 920 °C is 10 ATM and 20 ATM. for S at 
720*C). To reduce the risk of explosion, the glass formation process begins by ramping the 
ampoule temperature to about 300 °C for sdenrum-based glasses (about 2(K) °C for sulfur- 
20 based glasses) over the period of about an hour and mamtaining this temperature for about 
12 hours. Next, the temperature is elevated slowly (about 0.5 0 CYmiri) up to a temperature 
about 50 °C higher than the liquidus tenmerature of the material and the ampoule remains at 
^t trris tempera^ The temperature is then elevated to about 940 °C 

: to entire melting of all non-reacted germanium for So-based glasses or about 700 °C for S- 
5 based glares; the ampoule should regain at this elevated tempexatore for about 24 hours. 

at l£a& about six hours to increase the homogeneity of the glass. 

trenching is preferably performed from a te^ 
liquid aire in an equilibrium to produce vitrification of the desired composition. In this case, 
the benching temperature is about 50 *C over the hquidus temperature of the glass material. 
Chalcogemde-rich glasses include a range of concentrations in which under-constrained and 
over-constrained glasses exist. In cases where the glass composition coordinated number is 
far from the optimal coordination (e.g., coordination numbers of about 2.4 for Ge-Se 
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systems) the (ftJenchmg rate has to be last enough in order to ehstfr vitrification, e.g., 
mieriching in ice-water or an eVen stronger coolant such as a mixture of urea and ic*water. 
In the case of optimally coordinated glasses, benching can be perfoiined in air at about 25 

In at^tdance With one exemplary embocfiment of the invention, at least a pbrtion of 
^ctufe lOO is formed within a via of an insulating material 150. Forming a portion 6f 
structure 100 within a via of an insulating material 150 may be desirable because, among 
other reasons, such fcamation allows relatively small structure^ e.g. y on the order of iO 
nanometers, to be formed. In addition, insulating material 150 facilitates isolating various 
Structures 100 from other electrical components* 

Insdatmgniaterial 1 50 soitabfy includes material that prevents itodesired diffusion of 
electrons and/or ions from stiuctuire 100. In accordance with one embodiment of the 
invention, material 150 includes silicon nitride, silicon oxynftride, polymeric materials such 
as poiyimide or parylene, or any combination thereof 

A contact 165 may suitably be electrically coupled to one or more electrodes 120,130 
to facilitate fonnirig electrical contact to the respective electrode. Contact 165 may be 
formed of any conductive material and is preferably formed of a metal such as afonnnum, 
aluminum alloys, tungsten, or copper. 

In accordance with One embodiment Of the invention, structure 100 is formed by 
forming electrode 130 on substrate 110. Electrode 130 may be formed using any suitable 
method such as, for exfctiple, depositing a layer of electrode 130 material, patterning the 
electrodematerial, and etclnng the material to form electrode 130. Insulating layer 150 may 
be formed by depositing insulating material onto electrode 130 and substrate 110 and 
forming vias in the insulating material using appropriate patterning and etching processes. 
Ion cfchmictor 140 and electrode 120 may then be formed within insulating layer 150 by 
depositing im cO&Jocfor 140 ^material M electrode 1 20 material witniri the via. Such ion 
conductor and electrode material deposition may be selective - i.k, the material is 
substantially deposited only within the via, or the deposition processes may- be relatively 
non-selective. If ojae or more non-selective deposition methods are used, any excess 
material reniaining on a surface of insulating layer 150 may be removed using, for example, 
chemical mechanical polishing and/or etching techniques. Barrier layers 155 and/or 255 
may similarly be formed using any suitable deposition and/or etch processes. 
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InfcMatioh may be stored using programmable structures of the present inveimon by 
maniptrfating one or more electrical properties of the structures. For example, a resistance of 
a structure may be changed from a "<T or off state to a "r or on state during a suitable write 
operation. Similarly, the device may be changed from a "1" state to a "(T state during an 
erase operation. In addition, as discussed in more detail below, the Structure may have 
multiple programmable states such that multiple bits of Mormation are stored in a single 
structure. 

WRITE OPERATION 

Figure 3 illustrates curretit-volt^ge characteristics of a programmable structure (e.& 
strtcture 200) in accordance Twth the present invention. In the illustrated embodiment, via 
. diameter, D, is about 4 microns, conductor 140 is about 35 nanometers thick and formed of 
GesSer-Ag (near AsbG^S^X electrode 130 is indifferent and formed of nickel, electrode 
120 is formed of silver, and barrier 255 is a native nickel Oxide. As illustrated in Figure 3, 
current through structure 200 in an off state (curve 3 1 0) begins to rise upon application of a 
bii* of over about one volt; however, once a write step has been performed fce., an 
electrodepdsit has formed), the reastance through conductor 140 drops significantly (/.e., to 
about 200 ohmsX illustrated by curve 320 in Figure 3. As noted above, when electrode 130 
is coupled to a more negative end of a voltage supply, compared to electrode 120, an 
electrodeposit begfris to form near electrode 130 and grow toward electrode 120; An 
elective threshold voltage (Le., voltage required to cause growth of the electrodeposit and to 
break through barrier 255, thereby coupling electrodes 320, 330 together is relatively high 
because of barrier 255. In particular,, a voltage V£ V T must be applied to structure 200 
sufficient to cause electrons to tunnel through terrier 255 (when barrier 255 comprises an 
itxsbldting Jaycar) tb fbrrii tb^ ele^odepo^t ibd to oyei^ome U&e barrier (elg:, by tunneiing 
toufeh Or leakage) and conduct throlbgh contactor 140 and at least a portion of barrier 255. 

In accordance with alternate embodiments of tie invention, where no insolating 
barrier layer is present, an initial u write n threshold voltage is relatively low because no 
inactive barrier formed between, for example, ion conductor 140 and either of the 
electrodes 120, 130. 
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READ OPERATION 

A state of th device (e£, i ot 0) may be read, without significantly disturbing the 
state, fey, for example, applying a forward or reverse bias of magnitude less than a voltage 

iiiraboid (dbout 14 V fw a ^ ^ Kgure 3) for or by 

using a current Hmft which is less than or equal to the minimum programming current (the 
&nm which will produce the highest of the on resistance values). A current limited (to 
about 1 milfiamp) read operatibn is shown in Figure 3. In this case, the voltage is swept 
from 0 to about 2 V and the current rises up to the set limit (fiom 0 to 0.2 V), indicating a 
low resistance (ohinicflinear cuttart-Vohage) W state. Another Way of performing a non- 
disturb read operation is to apply a pulse, with a relatively short duration, which may have a 
Voltage higher than the electrochemical deposition threshold Voltage such that no appreciable 
Faradaic current flows, /.*, nearly all the current goes to polaiizihg/charging the device and 
not into the dectodepositkm'process. 

15 ERASE OPERATION 

A programmable structure (e.gt, structure 200) may suitably be erased by reversing a 
bias applied during a write operation, wherein a magnitude of the applied bias is equal to or 
greater than the threshold voltage for electrodeposition in the reverse direction In 
accords with an exemplary embodiment of the invention, a sufficient erase voltage 
20 (V*V») is apphed to strecta^^ 

initial connection but is typically less than about 1 millisecond to return structure 200 to hs 
"oft* state having a resistance well in excess of a milbon ohms. In cases where the 
programmable structure does not memde a battier between cftnductor 140 and deelrode 120, 
a threshold voltage for erasing the structure is much tower than a threshold voltage for 
the striate beca^ unlike ihe write operation, the erase operation does hot require 
electron tunneling through a barrier or barrier breakdown. 

CONTROL OF OPERATIONAL PARAMETERS 

The concentration of conductive material in the ion conductor can be controlled by 
applying a bias across the programmable device. For example, metal such as silver may be 
taken out of solution by applying a negative voltage in excess of the reduction potential of 
the conductive material. Conversely, conductive material may be added to the ion conductor 
(from one of the electrodes) by applying a bias in excess of the oxidation potential of the 



'25 



0 



17 



10 



WO02/21542 i^**.. „• 

material, thus, for example, if the cduductive material Ccaicettfration is above that desired 
for a particular device apjffieatioii, the concentration can be reduced by reverse biasing the 
device to reduce the conamttttion of the conductive material. Similarly, metal may be 
added to the solution from the cradizable electrode by applying a sufficient forward bias. 
Adifitiohalry, it is possible to remove excess metal build up at the indifferent electrode by 
applying a reverse bias for an extended time or an extended bias over that required to erase 
the device tinder normal operating conditions. Gmtrol of the conductive material may be 
accomplished automatically using a suitable microprocessor. 

fhisiechtoque may also be used to form one of the electrodes from material within 
the ion conductor material. For example, silver from the ion conductor may be plated out to 
form the oxidizable electrode. This allows the oxidizable electrode to be formed after the 
device is folly formed and thus mitigates problems associated with conductive material 
diffusing from the oxidizable electrode during manufacturing of the device. 

As noted above, in accordance with yet another embodiment of the invention, 
multiple bits of data may be stored within a single programmable structure by controlling an 
amount of etectrodepOsit which is fotmed during a write process. An amount of 
electrodeposit that forms during a write process depends on a number of coulombs or charge 
supplied to the structure during the write process, and may be controlled by using a current 
limit power source. la this case, a resistance of a programmable structure is governed by 
20 Equation 1, where K» is the "on" state resistance, V T is the threshold voltage for 
electrodeposition , and Wis the maximum current allowed to flow during the write 
deration. 

V T 

R« = — 
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Equation 1 

In practice, the limitation to the amount of information stored in each cell will 
depend on how stable each of the resistance states is with time. For example, if a structure is 
wjfo a programmed resistance range of about 3.5 Hi and a resistance drift over a specified 
time for each stateis about ±250 CI, about 7 equally sized bands of resistance (7 states) could 
be formed, allowing 3 bite of data to be stored within a single structure. In the limit, for near 
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zero drift in resistance in a specked tmi fimit, ^formation cc^i Wstbri^ as a c©nlin^ 
of states, i.e., in analog form. 

A portion of an integrated circuit 402, including a programmable structure 400, 
certfgured to provide additional isolation from dectronic components is iltostratetf in Figure 
5 4. In ac^rdance with ah exemplary embodiment of the present invention, structure 400 
[ ihcMdes dectrbdes 420 arid 430, an ion conductor 440, a contact 460, and an amorphous 
silicon diode 470, such as a Schottky or injunction diode, formed between contact 460 and 
electrode 420. Rows and cohimns of pii)grammable stractures 

high density conjuration to provide extremely large storage densities suitable for memory 
10 circuits. In general, the maximum storage density of memory devices is limited by the size 
and complexity of the column and row decoder circuitry. However, a programmable 
Structure storage stack can be Suitably fabricated overlying an integrated circuit with the 
entire semiconductor chip area dedicated to row/column decode, sense amplifiers, and data 
rnanagement circuitry (not shown) since structure 400 need not use any substrate real estate. 
In this manner, storage densities of many gigabits per square centimeter can be attained 
using programmable stiuctiires of the present invention. Utilized in this manner, the 
programmable structure is essentially an additive technology that adds capability and 
functionality to existing semiconductor integrated circuit technology. 

Figure 5 schematically illustrates a portion of a memory device including structure 
400 having an isolating p-n junction 470 at an intersection of a bit line 510 and a word line 
520 of a memory circuit. Figure 6 illustrates an alternative isolation scheme employing a 
transistor 610 interposed between an electrode and a contact of a programmable structure 
located at an intersection of a bit line 610 and a word line 620 of a memory device. 

Figures 7-10 illustrate programmable devices in accordance with another 
emboditieirt the mveritiort The devices illustrated in Figures 7-10 have an electrode (e.g., 
the cathode Ainng a write process) wiih a smaller cross sectional area in contact with the ion 
cbnmictor compared to the devices illustrated in figures i-2 and 4. The smaller electrode 
interlace area is thought to increase the efficiency and endurance of the device because an 
increased percentage of ions in the solid solution are able to take part in the electrodeposit 
formation process. Thus any cathode plating from ions that do hot participate in the 
electrodeposit process is reduced. 

Figures 7 and 8 illustrate a cross sectional and a top cut-away view of a 
programmable device 700 including an indifferent electrode 710, an oxidizable electrode 



19 



5 



lb 



15 



20 



rcrmsoins266 

720, aid an ioh conductor 730 former overlying an insulating layer 740 such as silicon 
oxide, silicon nitride, or the like. 

Structure 700 is formed by depositing an indifferent electrode material layer and an 
insulating layer 750 overiying insulating layer 740. A via is then formed through layer 750 
and decode Mterial layer 710, using an anisotropic etchprocess (e.g., reactive ion etching 
AairtMf 'ifc «teMttdb to a«ah«fer AwataBh'a pottfcta «riTA9«*- T«>. Theviais 
theft filled With ion conductor material and is suitably doped to form a solid solution as 
described herein. Any excess ion conductor material is removed from the surface of layer 
750 and electrode 730 is formed, for e^ple using a deposition and etch process. In this 
case, the indifferefit electrode (cathode during write process) area in contact with ion 
conductor 730 is the surface area of electrode 710 about the perimeter of conductor 730, 
ram&thanmeatea^^ 

Figures 9 and 10 illustrate a programmable device 900 having an indifferent 
electfode 910, an oxidiaible electrode 920, an ion conductor 930 and insulating layers 940 
and ;950 ma^rda^^ Structure 900 is 

similar to structure 700, except that once a via is formed through layer 750, an isotropic etch 
process (e g, chemical or plasma) is employed to form the via through electrode 910, such 
thataslbped intersection between an ion conductor 930 and electrode 910 is formed. 

Figures 11 and 12 illustrate another programmable device 1100, with a reduced 
electrode/Sun conductor interface, in accordance with the present invention. Structure 1 100 
includes electrodes 11 10 and 1 120 and an ion conductor 1 130, formed on a surface of an 
insulating material 1140, rather than within a via as discussed above. In this case, the 
programmable structure is foflned by defining an ion conductor 1130 patter on a surface of 
bating material 1140 (e.g., using deposition and etch techniques) and forming electrodes 
. fllO;^ a portion of the ion conductor. In the 

case of die illustrated I embodimeiit, the decirodes are formed overlying and in contact with 
^apfttionofite;^ Although the thickness of ' 

the layers may bevaried in accordance with specific applications of the device, in a preferred 
embodiment of the invention, the thickness of the ion conductor and electrode films is about 
1 nm to about 100 nm. Sub-lithographic lateral dimensions of portions of the device may be 
obtained by overexposing photoresist used to pattern the portions and/or over etching the 
film layer. 
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ftgure 13 iifofcfcrates a device 1300 in adcordarice with y et another einbodnnent of the 
iflVeiitiba Siructurfc |S0& ^ 

the Cfros^secti^al ate* of the ion ^ conductor that is in contact with the electrodes is reduced 
by tiOffig :* jxfflitii i of a via with notion conductor material, rather than etching through an 
electrode layer. 

Sfructiircx 130^5 mchides eJecfrbdds 1510 arid 1520 and ah ion cdnducior 1330 formed 
wnluri m insm*af% lawyer 1340. in mis case, ion conductor 1330 is formed by creating a 
' irencb *^\buii^hg*'i3to; the treSch having S diameter indicated by D2. The 
fiferich is then filled using, for example, interference lithography techniques or informally 
Iming the via with instating material and using an anisotropic etch process to remove some 
of me insulating material, leaving a via with a diameter of D3. Structure 13CO formed using 
this fecimique inay have a ion conductor cross sectional area as small as about IQnm in 
contact with electrodes 1310 and 1320. 

Figures 14-17 illustrate another \ embodiment of the invention, where the cross 
sectional area of the ion cOHductor/elecfrode interface is relatively small. Structure 1400, 
ilhistratckl in Kgure 14, includes electrodes 1410 and 1420 and an ion conductor 1430. 
Structure 1400 is formed in a mariner similar to structure 700, except that the ion conductor 
material is deposited conformally, using, for example chemical vapor deposition or physical 
Vapor u#osraoii, into a trench, and the trench is not filled with the ion conductor material 

Stricture 1500 is similar to structure 1400, except that an ion conductor 1530 is 
formed by etching a portion of ion conductor 1430, such that avia 1540 is formed through to 
electrode 14i6. Structure 1600 is similar to structure 1500 and is formed by conformaily 
depositing the iofc conductor material as described above and then removing the ion 
conductor material from a surface of insulatmg material 1450 prior to depbsitiftg electrode 
14^ ^ea^: v^lii^, Stm£ttxire 1^00 Aiay be formed by selectively deposing the ion 
con^ctot i^b m^eriai mto Orily a portion oflhe trench formed in insulating material 1450 
(e;g^ us% angled deposition arid/or shadowing techniques), removing any excess ion 
conductor material on the surface of insulator 1450, arid forming an electrode 1720 
overlying toe insulator and in contact with ion conductor 1750. 

Figures 18 and 19 illustrate yet another embodiment of the invention, where a pillar 
Of wall within a trench is used to reduce a cross-sectional area of the interface between the 
ion conductor and one or more electrodes. Structure 1 800, illustrated in Figure 18, includes 
electrodes 1810 and 1820 and an ion conductor 1830 formed within an insulating layer 1840. 



21 



15 



v25' 



. PCT7US0J/28266 

& addition, stbeture 1800 ihctode* a' pillar 1850 of Elating material (eg., inflating 
material used to foiii layer 1840)^0^ Stoctare 1800 

^yb*foftried^ Structure 1900 is 

Aiiar to structure 1800, teieept structure 1900 includes a partial pillar 1950 and an ion 
.5 conductor 1930, wMch^ 

?, figure 20 flhistrates yet another structure 2000 in accordance whh the present 
ideation. Structure 2000 includes electrodes 2010 and 2020 and an ion conductor 2O30 
fonned within ah insulating layer 2040. Structure 2000 is formed usihg an anisotropic or a 

10 .^stor2^ 

figures 21-24 ilfostrafe programmable devices in accordance with' yet another 
embodiment of the ihvelnion. lie storturfes illustrated in Kgures 21-24 include a floating 
electrode, which allows multiple bits of information to be stored within a single 
programmable device. 

Structure 2100 include*, a first electrode 2110, a second, floating electrode 2120, a 
ihird electrode 2«0, ion conductor portions 2140 and 2150, which may all be formed on a 
substrate or wholly or partially formed within a via as described above. Although structure 
2100 is teafed m a veft^ the structure may be formed in a horizontal 

^nnguranon, simUar to Sttrctttte 11 00. In accordance with one aspect of this embodiment, 
the first and third electrodes are formed of ah indifferent electrode and tie second electrode 
is formed of an oxidizable electrode material. Ahernatively, the fin* and third electrodes 
may be formed of oXidizable electrode material and the second, Abating electrode may be 
formed of an indifferent electrode material In either case, the structure includes two "half 
cells," where each half cell functions as a programmable device described above in 
^m^^m igms i^ ^^Bk^eferabry configured such that the resistance of 
. dne half cell differs ffom^r^sistahce of the other half cell when both cells are in ah erased 
state. ' ' • '.',./„ . 

m the case wheh floating electTW^ 
bife Of data may be stored as follows. The overall impedance of structure 2100 is 
approximately equal to the resistance of portions 2140 and 2150. When no electrodepostt is 
formed within either portion, this high resistance state may be represent by the state 00. 
When a voltage is applied to structure 2100, such that electrode 2130 is positive relative to 
electrode 21 10 and the applied bias is greater that the threshold voltage required to form an 
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electrddqpbsft in portion 2l40> an e!edrodq>6at 2160 will form throxigh conductor jxfftfcn 
2140 from electrode 21 10 toward floating electrode 2120 as illustrated in Figure 7X tinder 
this Scbridhion, ain eledrodeposk will not form within conductor portion 2150 because portion 
2150 is under a reverse bias condition and thus will not support growth of an electrodeposit 
The growth of the electrodeposit will change the impedance of portion 2140 from Zj to Z t % 
thus changing thfe Overall iinpedante of structure 2100, which mSy be represent by tte state 
0L The curreat level used to form electrodeposit 2160 should be selected such that it is 
sufficiently low, allowing the electrodeposit to be dissolved upon application of a sufficient 
reverse bias. A third state may be formed by reversing the polarity of the applied bias across 
electrodes 2110 and 2130, such that m6st of the voltage drop occurs across the high 
resists ion conductor portion 2150 and formation of an electrodeposit 2170 begins, as 
illusnited in Figure 23, without causing electrodeposit 2160 to dissolve. The impedance of 
pbrtion 2150 change from Z* to Zx\ and the overall impedance of structure 2100 is Zf phis 
%l\ which inay be represented by the state 1 1. Once both half cells are in the write state, 
electrodeposit 2160 and/car 2170 inay be dissolved by applying a sufficient bias across one or 
both bf the half cells. Ejectrddeposrt 2170 can be erased, for example^ by sufficiently 
negatively biasing electrode 2130 with respect to electrode 2110, which may be represented 
by a state 00. The four possible states, along with the current limit used to form the state, are 
repf esented in table 1 b'ekftt 
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Stnicture 2100 can be changed to ll from state 10 by applying a low current limit 
25 bias to grow electrodeposit 21 50 in portion 2140. Similarly, structure 2100 can be changed 
from state 11 to state 01 by dissolving electrodeposit 2170 by applying a relatively high 
current limit bias such that upper electrode 2130 is positive with respect to lower electrode 
2110. Finally, structure 2100 can be returned to state 00 using a short current pulse to 
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•f* 6 ^ "*«*l<»* 2160, tising a current which is high enough to cause 

localized heating of the electiodeposiL This will increase the metal concentration in the 
half-cell but this eatcess metal can be removed electricaUy from the cell by plating it back 
onto the floating electrode. This sequence is summarized in table 2 below. 
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Oiher wxtte and erase sequences are also possible (as are other dentitions of the 
varfous states represented by the half-ceil impedances). For example, it is possible to go 
from state 00 to either state 01 or state 10, depending on the write- polarity chosen. 
Similarly, it is possible to go from state 1 1 to either state 10 or state 01 . It is also possible to 
go from state 11 to state 00 by the application of a current pulse (in either direction) which is 
Mgh and short enough to thermally dissolve the electrodepbsits in both half-cells 
simultaneously. 

In addition to storing information in digital form, structure 2100 can also be used as a 
noise^lerant, low energy anti-fuse element for use in field programmable gate arrays 
(ttGAs) and field configuf able circuits and systems. Most physical anti-fuse technologies 
r^largfe ^atts and Voltages to make a per^em connection, the need for such high 
^ m^ttMg stimuli is generafly consideVed to be sotnewhat beneficial as this 
reduce tti^nkelmood of t^^^^ 

inflations. However, the use of high voltages and large amenta on chip represent a 
significant problem as all components in the prognmuning circuits are typically sized 
accordingly and the high energy consumption reduces battery life in portable systems. 

Figures 25^29 illustrate structures in accordance with another embodiment of the 
mvention in which multiple programmable devices include a common electrode (e.g, the 
devices .share a commbu anode or cathode. Forming structures in which multiple structures 
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share a common elecfirbd is alvantageous because such stracttrres allow a higher density of 
cells to be formed on a given- substrate surface area. 

Figures 25 and 26 illustrate a structure 2500, having a horizontal configuration and a 
cornmon electrode. Sirtictore 2500 includes an electrical connector 2510 coupled to a 
5 common surface dectttde2520, electrode 2530 and 2540, and ion conductor portions 2550 
ahd256*ov»ryingan'i^ 

bit fines as described above by forming a row of electrodes (e.g., anodes) coupled to 
conductor 2510, and columns of oppositely bias electrodes (e:g., cathodes) running 
perpendicular to electrodes 2520. A conductive plug, formed of any suitably conducting 
10 material can be used to dedrically couple electrode 2520 to conductor 25ia Although 
ilraslrated with a horizontal configuration, common electrode structures in accordance with 
this embodiment may be formed usmg strtctoeshi^g a vertic^ configurations 
herein. 

Figures 27 and 28 ilmstrate additional stractures 2700 and 2800 having a common 
15 electrode shared between two or more devices Structures 2700 and 2800 include a common 
electrode, electrodes 2726 and 2725, ion Conductors 2730,2735 and 2830, 2835 req>ectivejy, 
and insulating layers 2740 and 2750, Structures 2700 and 2800 may be formed using 
techniques described above in connection with Figures 15 and 16-e.g., by conformaDy 
depositing ion conductor material within a trench of an insulating layer. In accordance with 
20 another embodiment Of the invention, directional deposition may be used to form a structure 
similar to structure 1700, Structures 2700 and 2800 each include two programmable devices 
including common electrode 2710 an ion Conductor (Cg., conductor 2735) and another 
electrode (e.g, electrode 2725). Dielectric material 2750 is an insulating material that does 
not interfere With Surface elettrbdeposit growth, such as silicon oxides, silicon nitrides, and 
25" r mehle. .., '•: •*...•• 

Figuife29illuW^^ 

2916 formed about a common electrode 2920. Bach of the devices 2902-2916 may be 
formed using the method descnl)ed above m connection wim Figure 2 L toe embodiment 
illustrated in Figure 29, each of electrodes 2930-2936 and 2938-2944 may be coupled 
30 together in a direction perpendicular to the direction of common electrode 2920, such that 
electrode 2920 forms a bit line and electrodes 2930-2936 and electrodes 2938-2944 form 
word lines. Structure 2900 may operate and be programmed in a manner sinnlar to stiucture 
2100 described above. 
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to a^ro^c* wift oth^ aprb^ammable 
met** ot device stores information by storing a charge as opposed to growing at, 
electrodeposh. A capacitance of a structure or device is altered by applying .a bias across 
electrodes of the device such that positively charged k>h5 migrate toward one of the 
electrodes. If thtf applied bias is less that a write threshold voltage, rio short will form 
between the eiectfoties; Capacitance of the sttcture changes as a festh of the iofl migration 
IVheh the applied bias is removed, the metal ions tend to diffuse away from the electrode or 
a barrier proximate the electrode. However, ah interface between an ion conductor and a 
barrier is generally imperfect and includes defects capable of trapping ions, thus, at least a 
portion of iorte renrain at or proritnate an interface between a barrier and an ion conductor. 
If a write voltage is reversed, the ions may suitably be dispersed away from the interface. 

A progranhnable structure in accordance with the present invention may be used in 
many appficaliohs which Would otherwise utilize traditional technologies such as EEPROM, 
PLASH or DRAM. Advantages provided by the present invention over present memory 
techniques include, among other tilings, lower production cost and the ability to use flexible 
fabrication techniques Which are easily adaptable to a variety of applications. The 
programmable structures of the presem inVehtion are especially advantageous in applications 
where cost is the primary concern, such as smart cards and electronic inventory tags. Also, 
an ability to form the memory directly oh a plastic card is a major advantage in these 
applications as this is generally not possible with other forms of semiconductor memories, 

Further, in accordance with the programmable structures of the present invention, 
memory elements may be scaled to less than a few square microns in size, the active portion 
of the device being less than on nticroh. this provides a significant advantage over 
traditional senicdtiductor technologies in which each device and its associated interconnect 
can take up several t^ of square microns. 

AdditiOhally, the devices of the present invention require relatively low energy and 
do not reunite "refreshing.'' thus, the devices are Well suitable for portable device 
applications. 

Although the present invention is set forth herein in the context of the appended 
drawing figures, it should be appreciated that the invention is hot limited to the specific form 
shown For example, while the programmable structure is conveniently described above in 
connection with programmable memory devices, the invention is not so limited; the structure 
of the present invention may suitably be employed as programmable active or passive 
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S6tbe of the devices are 
ilfostrated as mcfoding buffer, banier, or transistor components, any of these components 
ihayte added to tfie dewces of the present invention. Various oiher ihodifications, 

forth herein, may be made without departing from the spirit and : Scope JtfL present 

claims. 
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CLAIMS : 

declaim: 

L A ihicroelectronic programmable structure comprising: 
5 ^ 0 *<fc&focto^ 

ah oxidizable elettrode proximate the ion conductor; aid . 
an indifferent electrode proximate the ion conductor 

& Thenncroel^ 
TO buffer layer between the oxitoble electrode and me ion concfoctor. 

3. The rmCTOelectronic programmable stracfore of claim 2> Wherein the buffer 
layer corpse* a material selected from the group consisting of A&O, A&S, Ag.Se, A & Te, 
ivhere x k 2, A & I, where y ;> 1, Cufc, CuO, CuS, CuSe, Cute, GeCb, and Si0 2 . 

15 

4. The microelectronic programmable structure of claim 1, wherein the 
mdificrerit electrode comprises platinum. 

5. The inicfoelectronic programmable structure of claim 1, wherein the 
2b oxidizable electrode comprises a material selected from the group consisting of a transition 

metal sulfide and a transition metal selenide. 

6. The microelectronic programmable structure of claim 5, wherein the 
joxidizabk ! electrode 

'58 : |. : ; :: ;\v'\ \' ■ [ ■- ■• . 

X Tfcd mict^ectromc prograinmable structure of claim 5, wherein the 
oxidizable electrode comprises TaS^ 

8. The micrc^ectromc programmable stracture of claim 1, wherein the 
30 oxidizable electrode comprises AgL 

9. The microelectronic programmable structure of claim 8, wherein the 
oxidizable electrode comprises excess silver. 
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10. The nricroelectrbnic programmable structure of claim .1, wherein the ion 
conftictor comprises a solid solution selected from the group consisting of AsjSi-x-Ag, 
GexSei^Ag, GexSi^Ag, M&rCo, Ge^Se^Ou, Ge^^-Cu, where x ranges from about 
0J to abaft 0.5. 

11. The nucroelectronic programmable structure of claim 10, wherein the* ion 
conductor comprises a filler material 

12. the inicroelectrdriic prognmimable structure of claim 1 1, wherein the filler 
material cornprises a dielectric and is present in the ion conductor at a Volume percent of up 
to about 50 percent; 

13. The microelectromc programmable structure of claim 11, wherein the filler 
material comprises a dielectric and is present in the ion conductor at a volume percent of up 
to about 5 percent 

14. the microelectronic programmable structure of claim 11, wherein the filler 
material comprises silver. 

15. The nuCToeJectronic programmable structure of claim 1, wherein the ion 
conductor comprises a glass having a composition of Geo.nSeo.83 to Geo^Seo^. 

16. The microelectronic programmable structure of claim 15, wherein the ion 
c^hfectbffurW 

17. The microelectronic prograrrjmable structure of claim 1, further comprising a 
transistor in contact with one of the oxidizable or the indifferent electrodes. 

18. The microelectronic programmable structure of claim 1, further comprising a 
diode in contact with one of the oxidizable or the indifferent electrodes. 
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.19. the AMCTOelectronic programmable stroctore of claim 1, wherein the ion 
concracWisform^ 

20. TlieiiuGr?>electroiiic programmable structure of claim ^ 
5 a diode formed 'Within the via. 



21. The jmcroelectronic programmable structure of claim 19, wherein the ion 
conductor contacts the ^different electrode about a portion of the perimeter of the ion 
conductor. 

6 

22. The rmcroelectronic programmable structure of claim 21, wherein the ion 
conductor contacts the ^different electrode about a sloped portion Of the perimeter of the ion 
conductor. 

> 23. The rmcrodectronic programmable structure of claim 1, wherein the 

mdifferent electrode, the oxidizabie electrode, and the ion Conductor are formed on a surface 
of an insulating material layer. 

24. The microelectronic programmable structure of claim 1, wherein the ion 
conductor is formed within a via of a first insulating material layer, and wherein the 
programmable structure further comprises a second insulating material formed within the 
via. 



25. The miCToelectronic programmable structure 6f cteim i, wherein the 
along a sidewall of a via formed within an insulating layer. 



ion 



26. the microelectronic progrmnniable structure of claim 1, wherein the ion 
conductor is formed within a sloped via within an insulating material layer. 

2t The microelectronic programmable structure of claim 1, further comprising a 
barrier layer between the indifferent electrode and the ion conductor. 
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28. Th niidroelec6roiiic progratomafcte 
layer comprises a conductfre material. 



29. The miCTodectronic programmable structure of claim 27, wherein the barrier 
layer comj&rises aniiisuiating material 

30. The inicroeiectromc programmable structure of claim 1, wherein surface area 
of the mdifTerent electrode in contact with the ion conductor is less than the surface area of 
the oxidizable dectrdde in contact with the ion conductor. 

31. The microele^onic programmable structure of claim 1, wherein an interface 
betwfeen the ^different electrode and the ion conductor is roughened. 

32. A multi-ceil prograinmable microelectronic device comprising: ' 
a first electrode of a first type; 

a second electrode of a second type; 

a first ion conductive material of a first resistance interposed between the first 
electrode and the second electrode; 

. a third electrode of a first type; and 

a second ion conductive material of a second resistance kterposed between 
the Second electrode and the third electrode. 

The multi-ceil progriammable microelectronic device of claim 32, wherein the 
decodes comprise an mditferent electrode material and the second dectrode 
an oxidizable electrode > material. 

34: The multi-cell progranuriable nncroelectromc device of claim 35, wherein the 
first and third electrodes comprise an oxidizable electrode material and the second electrode 
comprises an indifferent electrode material. 

35. A multi-ceil programmable microelectronic device comprising; 
a plurality of electrodes of a first type; 
a plurality of electrodes of a second type; and 
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a plurality of ion conduc^^ 
tofi coiidoctor structures is interposed between one Of the plurality of electrodes of a first 
t£pe arid one of the plurality of electrodes of a second type, and 

wherein a plurality of electrodes of a first type are electrically coupled 
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36. llie JrfiultJ-Cell Jfrogrammabie miCTOelectronic device of claim 35, wherein the 
plurality of electrodes df a first type comprise oxidizable electrode material. 

10 37. the multi-cell programmable microelectronic device of claim 35, wherein the 

ptaralrry of electrode^ 

38. The iriulrj-ceil programmable microelectronic device of claim 35, wherein at 
least a portion of the plurality of ion conductor structures are formed within a via within 



an 
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39. The multi-cell programmable microelectroiric device of claim 35, wherein at 
least a portion of the plurality of ion conductor structures are formed on a surface of an 
irlsulstihgmatwial layer. 

20; 

40. A method of forming a programmable microelectronic structure, the method 
comprising the steps of: 

providing a substrate; 
fortriing a layer of electro 
25 forming; arr insulating layer ovfeffying the lafer of electrode material of a first 

: - : . m ' \ : ' 

forming a via through the Misdating layer and the layer of electrode material 

of a first type; 

depositing ion conductor material into the via; and 
30 forming an electrode of a second type overlying the ion conductor material. 

41. The method of claim 40, wherein the step of forming a via includes 
iting layer. 
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42. The method of claim 40, wherein the step of fonmog a via includes 
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43. the method 6f claim 40, Wherein the step of forming a via includes 
i&fepicalty etching tne layer of electrode material of a first type. 

44. the method of claim 40, wherein the step of forming a via includes 
amsptropically etching the layer of electrode material of a first type. 

45. the method of claim 40, fimher comprismg the st^ of applymg a bias across 
me electrode material of the first type and the electrode material of the second type to 
manipulate a eonosntration of conductive material in the ion conductor. 

46. The method of clam 4 0, forth^ 

the .electrode material of the first type and the electrode material of the second type to 
mamp^Ste an amount of conductive material present in one of the electrode material of the 
first type and the elefctrode material of the second type. 

47. The method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing germanium onto a surface and reacting the germanium with 
HjSe. 

4*. The method of claim 40, wherein the step of depositing Ion conductor 
htaferiiii comprise* dealing arsenic onto a surface and reacting the arsenic with fifeSe. 

49. the method of claim 40, wherein the step of depositing ion conductor 
mataial comprises depositing germanium onto a surface and reacting the germanium With 

50. the method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing arsenic onto a surface and reacting the arsenic with HjS. 
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A method of forming a prograrnmable microelectronic device, the method 
cbmpiisiiig the steps of: 

foftfiitig an ion conductor structure overlying a substrate; 

oejtositing an electrode material layer overlying the ion conductor structure; 

''5'-' mi ' 

jp^erning the electrode material layer to form electrodes in contact with the 
', ion conductor structure. 

\ '■: 52 - The method of claim 51, wherein the step of forrning an ion conductor 

10 ^ctufecorii^ 

53. A method of forming an electronic device, the method comprising the steps 

of: 

15 , forrrM 

dej)ositirig a first insulating lajfer over a surface of a the first electrode; 

forrning a via in the first insulating layer; 

depositing a second irisulating material within a portion of the via; 

depositing ion conductor material tstfthin a portion of the via; and 
20 forming a second electrode overiying the ion conductor. 

54. tfe method of forming an electronic device of claim 53, wherein the step of 
depositing ion confoto 

vrtthin a via formed in the second insulating material 

S&V; .y ; ... ' 

• ' , : ^ " ^ meihoil of forrning an electronic device Of claim 5% wherein the step of 

dejx&trjife a second n^atirig material comprises using a directional deposition technique. 

56. the method of forming an electronic device of claim 53, wherein the step of 
30 deposhing an ion c^ductor material comprises forming a conformal layer of ion conductor 
material 
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51 the niethod of forming aii electronic device of claim 53, further comprising 
the ste$ 'of ttrtftmg a portion of the ion conductor material from a surface of the first 
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5 5 *' A me ^«> d forming a muM-ceU programmable device, the method 

e tfepsbf: . .. 

forming a first electrode on a Surface of a substrate; 
forming a first ion conductor portion overlying the first electrode; 
forming a second electrode overiying the first ion conductor portion; 
foiming a second ion conductor portion overlying the second electrode; and 
forming a third electrode overly^ 

59. A method of forming a glass composition, the method comprising the steps 

df: 

J 5 - selecting an ampoule; 

cleaning the ampoule using hydrofluoric acid; 

drying the ampoule for about 24 to about 120 hours at about 120 °C; 

evacuating the ampoule; 

heating the ampoule until the ampoule turns red; 
0 filling the ampoule with a charge; 

heating the ampoule to a temperature below the melting temperature of the 



ramping the temperature at a rate of about 0.5 degrees per minute to a 
temp^ature about 50 6 C higher than the^cruidus temperature of the glass; and 
; r : ; xOcking :the glass cbmposftibn at a rate of about 20 per minute for a 
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